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Efﬁcient inverted polymer solar cells (PSCs) were fabricated with ZnO electron transport layers (ETLs)
prepared by spray pyrolysis, which is a simple and cost efﬁcient method producing a thin oxide layer by
direct spray of precursor on hot substrate. To investigate the effect of substrate temperature on the
structural and optical properties as well as performance of PSCs, ZnO ETLs were fabricated by spray
pyrolysis on hot substrate controlled at 150, 250, and 350 1C, respectively. The PSC with ZnO prepared by
spray pyrolysis at 150 1C exhibited poor power conversion efﬁciency (PCE) of 0.94% due to the mis-
matched energy level and microscopic roughness of ZnO ETL. On the other hand, enhanced efﬁciency of
2.99% and 3.22% was obtained by using ZnO prepared by spray pyrolysis at 250 and 350 1C, respectively.
Enhancement of efﬁciency at higher temperature is attributed to better matching of ZnO coated ITO
work-function with the lowest unoccupied molecular orbital (LUMO) energy level of PCBM and the
formation of smooth and homogeneous polycrystalline ZnO, resulting in improved interfacial property
and electron transport. In the durability test, inverted ZnO solar cell was retained above 80% during
9 days in an ambient atmosphere without any encapsulation, while conventional solar cells showed
dramatic decrease of efﬁciency.
& 2013 The Authors. Published by Elsevier B.V.Open access under CC BY-NC-ND license. 1. Introduction
Recently, interests in polymer solar cells (PSCs) have been drama-
tically increased due to their advantages of light weight, cost-efﬁcient
solution processability, and superior mechanical ﬂexibility. Among
various solution processable systems, bulk-heterojunction (BHJ) solar
cells based on interpenetrating networks of conjugated polymer and
[6,6]-phenyl C61 butyric acid methyl ester (PCBM) have shown
dramatic increase of efﬁciency up to ∼8% as a result of optimization
of active layer morphology and device architecture, interface control,
and development of novel electron acceptor and donor [1–5]. In spite
of relatively high efﬁciency of conventional BHJ solar cells composed
of indium tin oxide (ITO)/hole transporting layer (HTL)/conjugated
polymer:PCBM/metal electrodes, their poor reliability over time
should be absolutely improved for the practical use of PSCs as an
alternative to the fossil fuels. It is well known that the most typicallyr B.V.
@kunsan.ac.kr (S.-S. Kim).
Open access under CC BY-NC-NDused poly(3,4-ethylene dioxy thiophene):poly(styrene sulfonic acid)
(PEDOT:PSS) HTL, inserted to modify the interface between active
layer and ITO for the improvement of charge transport and collection,
induces signiﬁcant degradation of the cell performance with time.
PEDOT:PSS has several problems such as hygroscopic properties and
inhomogeneous electrical properties, in particular, strong acidic
nature of PEDOT:PSS that corrodes the ITO hole collecting contact
leads to poor long-term stability of conventional PSCs [6,7]. In
addition, low work-function metal cathodes such as Al and Ca/Al
result in device instability due to the diffusion of oxygen into the
photoactive layer and easy oxidation of Al surface leading to the
formation of insulator Al2O3 [8,9].
To enhance stability of PSCs, studies on the p-type like transi-
tion metal oxide and 2-dimensional carbon materials such as
graphene and graphene oxide, replacing PEDOT:PSS hole selective
layer in the conventional structure, have been reported by several
groups [10–13].
Researches on the inverted device architecture having reversed
charge-collecting nature at the electrodes also have been a hot
issue for the development of highly efﬁcient and stable PSCs
resulting from the replacement of PEDOT:PSS and low work-
function metal electrodes [14]. General inverted conﬁguration
includes an ETL inducing effective electron collecting at the ITO
and a HTL leading to efﬁcient hole collection at the top metal license. 
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ful demonstration of highly efﬁcient inverted PCSs, introduction of
optimized buffer layers between electrodes and active layer is one
of the most important points. ZnO, TiO2, Ca, Cs2CO3, and water-
soluble polymers have been utilized as promising ETLs on ITO and
for efﬁcient hole collecting at metal electrode, PEDOT:PSS and
metal oxide such as MoO3 and V2O5 have been used as HTLs on
active layer [15–21]. The ETLs on ITO must be highly transparent to
permit transmission of incident lights, and must show superior
selective carrier transporting properties. Moreover, considering
current status that solution processed PSCs have received an
increasing attention as candidates for a low cost printable photo-
voltaic application, fabrication of very thin charge transport layer
by simple and fast printing technique, instead of vacuum process
or conventional spin coating, is highly desirable for the realization
of low-cost and all printed or roll-to-roll processed PSCs [22].
Here, we report efﬁcient and stable inverted BHJ solar cells
based on Poly (3-hexylthiophene) (P3HT):PCBM blends hybridized
with ZnO ETL produced by spray pyrolysis which is a relatively
simple and atmospheric pressure method for the deposition of
thin metal oxide with low cost and high speed. Furthermore, this
technique is very compatible with roll-to-roll based typical man-
ufacturing lines and effective to realize large area devices. Char-
acterization of ZnO thin ﬁlms produced by spray pyrolysis and its
application to catalyst or thin ﬁlm transistors have been reported,
and there are few reports on the application of pyrolized ZnO thin
ﬁlms to solar cells [23–30]. Gledhill et al. applied pyrolized ZnO
thin ﬁlm as window layer in Cu(In,Ga)(S,Se)2 solar cells and Zhu
et al. reported on the quantum dot-sensitized solar cells using
pyrolized ZnO ﬁlm of hierarchical structure assembled by
micrometer-sized aggregates of nanosized crystallites [28,29].
Peiró et al. reported on the application of pyrolized ZnO as seed
layer for the growth of ZnO columnar structure for use in polymer/
metal oxide solar cells [30]. Because conditions of spray pyrolysis
such as precursor constituent and concentration, substrate tem-
perature, and ﬂow can strongly affect the structural, electrical, and
optical properties of ZnO, in this study, properties of ZnO prepared
at various temperatures were characterized and their effects on
the performance of inverted PSCs were investigated. To our
knowledge, this is the ﬁrst report on the application of pyrolized
ZnO thin ﬁlms as ETLs to PSCs describing the effect of substrate
temperatures during spray pyrolysis of ZnO.2. Experimental
As transparent electrodes in PSCs, ITO-coated glass substrates
(16Ω/□) were cleaned with a special detergent followed by ultra-
sonication in deionized water, acetone, and isopropyl alcohol and
then kept in an 100 1C oven for several hours to remove residual
solvents. Fabrication of inverted PCSs starts with deposition of ZnO
layers on cleaned ITO by spin-on based sol–gel and spray pyrolysis.
To fabricate reference cell, ZnO was fabricated by spin-on based sol–
gel process using a 0.75 M zinc acetate solution in 96% 2-methoxy
ethanol and 4% ethanolamine followed by heat-treatment at 150 1C
for 10 min in air as published elsewhere [16]. ZnO sol–gel solution
was further diluted with 2-methoxy ethanol as a volume ratio of 1:6
for the use as a coating solution in spray pyrolysis.
Spray pyrolysis on hot substrates ﬁxed at varied temperatures
was performed in ambient condition using N2 gas with a ﬂow rate of
40 cc/min. Here, the distance between spray and substrate was ﬁxed
at 10 cm and moving speed was optimized as 3 cm/s. Then, ZnO
coated ITOs were transferred into a nitrogen ﬁlled glove box for the
deposition of photoactive layer. P3HT and PCBM blends were
spin-coated from a 1:0.5 wt ratio solution in chlobenzene (15 mg
of P3HT/ml and 7.5 mg of PCBM/ml) at 2000 rpm and thermallyannealed at 110 1C for 7 min to induce organization of P3HT.
Subsequently, PEDOT:PSS HTLs were deposited by spin-coating on
the active layers followed by heat treatment at 120 1C for 10 min in
air. For successful formation of uniform PEDOT:PSS layer on hydro-
phobic active layer, PEDOT:PSS was mixed with n-butanol and
isopropyl alcohol with a volume ratio of 1:2:2. Fabrication of devices
was ﬁnished by thermal evaporation of 80 nm Ag top electrode in
vacuum on the order of 10−6 Torr.
Cell performance was measured using a Keithley 2400 instrument
under 1 sun (100 mW/cm2) using a xenon light source and AM
1.5 global ﬁlter. A reference Si solar cell certiﬁed by the International
System of Units (SI) (SRC-1000-TC-KG5-N, VLSI Standards, Inc) was
used for accurate measurement. To study the stability of inverted
device with ZnO ETL, change of cell performance was recorded as a
function of exposed time in air using the same instrumental setup
without any encapsulation process. Here, conventional normal
device with a conﬁguration of ITO/PEDOT:PSS/active layer/metal
cathode was also fabricated to compare long-term stability. In case
of normal structured PSC, low work function Ca/Al (20 nm/100 nm)
was evaporated.
Structural properties of ZnO were characterized by X-ray diffrac-
tion (XRD, Bruker M18XCE) and ﬁeld-emission scanning electron
microscope (FE-SEM, Hitachi S-4800) measurements. The optical
properties of ZnO ETLs were investigated via UV–vis spectrophot-
ometer (Varian AU/DMS-100S) and the changes in the ITO work-
functions by the use of ZnO ETLs were measured using Kelvin probe
(KP 6500 Digital Kelvin probe, McAllister Technical Services. Co. Ltd).3. Results and discussion
Although many research efforts have been devoted to the
demonstration of fully printed PSCs, in contrast to relatively thick
active layer of ∼100–200 nm, it is difﬁcult to print very thin
interfacial charge transporting layer with a thickness of  few
nm or several tens of nm. As a promising process to fabricate ZnO
thin ﬁlms that serves as ETLs in inverted PSCs, we focused on the
spray pyrolysis due to easy control of thickness as nano-scale
under the optimized conditions [31]. Moreover, because spray
pyrolysis allows the formation of crystalline thin ﬁlms on large
area under atmospheric conditions using cheap chemicals without
vacuum system, it is attractive for applications to mass production
and potentially all printed PSCs. To conﬁrm the potential of ZnO
produced by spray pyrolysis as ETLs, we fabricated PSCs containing
ZnO ETLs via spray pyrolysis as shown in the schematics of device
structure in Fig. 1(a). Here, to observe the effect of temperature on
the structural and optical properties of ZnO as well as performance
of PSCs, direct spray of zinc acetate precursor solution was
performed on the hot substrates ﬁxed at varied temperatures.
For more precise control of thickness and morphology, ZnO layers
were fabricated on ITO substrate using moving spray equipment
shown in Fig. 1(b).
The role of substrate temperature on the morphology of ZnO
ETLs was investigated through SEM surface images shown in
Figs. 2 and 3. In the case of ZnO produced by widely used spin-
on based sol–gel process, a homogenous ZnO layer was formed as
shown in Fig. 2(a). In contrast to smooth sol–gel processed ZnO,
ZnO fabricated by spray pyrolysis at 150, 250, and 350 1C showed
different round features of droplets with different thicknesses and
diameters due to multisprayed patterns such as superposition,
merged, deposit ring known as coffee stain ring, and spherical
solidiﬁcation [32]. When the precursor solution was sprayed at
150 1C, larger droplets, resulting in microscopic rough surface,
were formed because of enough time to spread after direct spray
on the substrate. Smaller and thinner droplets were formed by
increasing substrate temperature. In particular, ZnO sprayed at
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surface similar to sol–gel processed ZnO. In general, surface
morphology of an interfacial charge transporting layer can criti-
cally affect on the cell-parameters such as shunt resistance (Rsh)
and series resistance (Rs). Since homogeneous and full-covered
interfacial ﬁlm morphology can induce higher Rsh and lower Rs,
thus enhancement of performance in PSCs, it is important to
control the quality of surface morphology of ETLs on ITO.
Further study on the effect of substrate temperature was
performed through the high resolution SEM images of ZnO ﬁlms
in nanoscale. As shown in Fig. 3(a), we can observe a dense
granular structure of ITO composed of many grains having differ-
ent shapes and sizes. It means that commercialized ITO we used in
this study was produced by the sputtering method. In the case of
ZnO fabricated by spin-on based sol–gel process, a dense and
homogeneous ZnO layer consisting of very ﬁne ZnO nanoparticles
was observed, which is in good agreement with earlier reported
results. As can be seen in Fig. 3(c), ZnO ﬁlm sprayed at 150 1C
exhibits smooth surfaces with amorphous-like characteristics [26].Fig. 2. SEM images of (a) ZnO by spin-on based sol–gel process
N2 flow
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Fig. 1. Schematics of (a) PSCs and (b) spray pyrolysis.When the substrate temperature was increased to 250 1C, ZnO
ﬁlms formed with crystallites resulting in rougher surfaces in
nanoscale was observed. It might be attributed to that higher
temperature during spray pyrolysis induces the formation of larger
ZnO crystallites in nanoscale. Homogeneous ZnO ﬁlm consisting of
larger nanocrystallites than that formed at 250 1C was obtained by
the spray pyrolysis of zinc acetate precursor solution on substrate
ﬁxed at 350 1C. Disappearance of irregular granular structure of
ITO by modifying with ZnO ETLs is also promising for PCSs having
very thin active layer of ∼100 nm.
Structural properties described above also were observed from
the XRD patterns of ZnO pyrolized at different substrate tempera-
tures. In the XRD patterns shown in Fig. 4, no obvious peaks were
observed when the spray pyrolysis was performed at 150 1C,
indicating the formation of amorphous-like ZnO due to insufﬁcient
thermal energy for complete pyrolysis of zinc acetate precursor.
On the other hand, three typical crystalline ZnO peaks at 31.81,
34.31, and 56.61 corresponding to (100), (002), and (110), respec-
tively, were observed as the increase of substrate temperature to
250 1C. ZnO pyrolized at 350 1C shows superior crystal-quality to
that prepared at lower temperature as a result of sufﬁcient
thermal energy for complete pyrolysis of zinc acetate without
any residual nonvolatile carbonate and hydrocarbon groups result-
ing in crystallographic defects and disorder. These SEM images and
XRD patterns demonstrate that successful formation of ZnO ETLs
composed of dense and uniform nanocrystallines is possible by
optimized simple spray pyrolysis without any post-thermal treat-
ment. To demonstrate high efﬁciency PSCs, excellent transporting
of photo-generated carriers is one of the most important require-
ments as an interfacial charge transporting layer. Hence, excellent
crystal-quality of ZnO fabricated at 350 1C is considered as pro-
mising candidates for ETLs in inverted PSCs.
Before applying ZnO as ETLs, further investigations on the
dependence of substrate temperature was performed through
the measurement of changes in work-function and optical trans-
mittance that affect the overall performance of solar cells. First, the
work-function of ZnO coated ITO as a function of substrate
temperature during spray pyrolysis was studied using Kelvin
probe. As shown in Fig. 5(a), the work-function of cleaned ITO
was measured to be 4.78 eV and which value is in good agreement
with other reports. After modiﬁcation by ZnO ETLs pyrolized at
varied temperature, the work-functions were reduced and reached
∼4.4 and 4.2 eV for ZnO pyrolized at 150 1C and others (ZnO by
spin-on based sol–gel process and ZnO by spray pyrolysis at 250and ZnO pyrolized at (b) 150 1C, (c) 250 1C and (d) 350 1C.
Fig. 3. SEM images of (a) ITO, (b) ZnO by spin-on based sol–gel process and ZnO pyrolized at (c) 150 1C, (d) 250 1C and (e) 350 1C.
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Fig. 4. XRD patterns of ZnO pyrolized at varied temperatures.
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facile and fast spray pyrolysis successfully changes the work-
function of ITO, and in particular, the work-function modiﬁed
with ZnO pyrolized at 250 and 350 1C is close to the lowest
unoccupied molecular orbital (LUMO) energy level (4.2 eV) of
PCBM. Therefore, efﬁcient electron transport and collection at
ITO by the help of ZnO ETLs can be expected under the illumina-
tion of light. Another important requirement as ETLs in inverted
PSCs is optical transmittance that strongly affects the photocurrent
of PSCs. All of the ETLs are highly transparent in the range of 500–
600 nm with a transmittance value of up to 85% based on air.
The transmittance was slightly decreased when the spray pyrolysiswas performed at higher temperature due to rougher surface
induced by the formation of larger crystallites, but these ETLs do
not signiﬁcantly alter the transparency of ITO electrode. ZnO ETLs
exhibit absorption onset at around 380 nm, corresponding to an
optical band-gap of ∼3.2 eV.
Finally, to investigate the potential of ZnO via simple and fast
spray pyrolysis of precursor solution as ETLs in inverted PSCs, we
fabricated inverted devices with PEDOT:PSS HTL and high work
function Ag top electrode. Fig. 6 shows representative J–V char-
acteristics of the PSCs and important parameters were summar-
ized in Table 1. By incorporating of all ZnO ETLs, performance of
devices, in particular open-circuit voltage (Voc), was improved
compared to devices without ZnO. This indicates that ZnO can
effectively modify the work function of ITO for electron transport
and collection at ITO. PCEs of PSCs with ZnO ETL fabricated at
150 1C showed higher efﬁciency of 0.94% than device without ETL
having 0.19% of PCE. Although Voc was increased up to 0.56 V as a
result of modiﬁcation of ITO work function, low short-circuit
current density (Jsc) and ﬁll factor (F.F.) of 4.33 mA/cm2 and
38.40% were obtained. Low Jsc and F.F. might be attributed to the
microscopic rough surface with large deposit ring known as a
coffee ring that induces serious contact problems between active
layer and ETLs. In addition, inefﬁcient charge transfer between
ZnO and PCBM resulting from smaller change in work-function of
ITO than that of others (ITO with ZnO prepared by spin-on based
sol–gel process and spray pyrolysis at 250 and 350 1C) also caused
low F.F. and Jsc. On the other hand, better matching between
cathode work-function and LUMO of PCBM (4.2 eV), arising from
further reduction of ITO work-function by use of ZnO ETLs
prepared by spin-on based sol–gel process and spray pyrolysis
at 250 and 350 1C, improved extraction of carriers from photo-
active. Hence, PSCs with ZnO ETLs pyrolized at 250 and 350 1C,
which have dense and homogeneous surface morphologies and
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Table 1
Representative cell performance of solar cells with various ETLs.
Voc (V) Jsc (mA/cm2) F.F. (%) PCE (%)
Without ZnO 0.13 5.49 27.45 0.19
ZnO by sol–gel 0.63 8.55 60.52 3.26
ZnO at 150 1C 0.56 4.33 38.40 0.94
ZnO at 250 1C 0.62 8.25 58.78 2.99
ZnO at 350 1C 0.63 8.41 60.78 3.22
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Fig. 7. The device performance of normal PSC and inverted PSCs with ZnO ETLs
over 9 days in air.
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ease of efﬁciency, in particular F.F. was increased to ∼60%. PSC
including ZnO fabricated at 350 1C shows best efﬁciency of 3.22%,
which has similar value with PSCs with spin-coated ZnO showing
the efﬁciency of 3.26%. Improved structural properties and change
of work function of ZnO fabricated at higher temperature result in
decrease of contact resistance between active layer and ETL, and
thereby F.F. values were signiﬁcantly increased. Another contribu-
tion factor is that decrease of Rs, resulting from an increase in
crystallinity of ZnO ETLs fabricated at higher temperature.
Considering the current status of technology, showing continual
increase of efﬁciencies, improvement of long-term stability has
emerged as an important issue to accelerate the realization of low
cost solar cells. As mentioned above, in the point of view of stability,
inverted PSCs containing high work function metal electrode are
considered as a promising architecture. To study stability of PSC with
ZnO fabricated by facile and fast spray pyrolysis, we observed change
of efﬁciencies of devices incorporated with sol–gel processed ZnO
and ZnO pyrolized at 350 1C showing best efﬁciency. As a reference
device, normally structured PSC with a conﬁguration of ITO/PEDOT:
PSS/active layer/LiF/Al, exhibiting 3.6% PCE, was also studied. Actu-
ally, the stability of the inverted cell in air was signiﬁcantly improved
comparing with the conventional cell. As shown in Fig. 7, in contrast
to the dramatic decrease of efﬁciency of conventional normal solar
cell, the efﬁciencies of inverted solar cells with all ZnO ETLs were
retained above 80% during 9 days without any encapsulation process
in ambient condition.4. Conclusions
In conclusion, we demonstrated efﬁcient and stable PSCs with
inverted architecture using ZnO electron selective layer. As a facile
route to fabricate high quality ZnO ETL on ITO, we adopted spray
pyrolysis, which is simple and compatible to the roll-to-roll based
mass production without any time-consuming process such as
post-thermal treatment. When the precursor solution was sprayed
at 150 1C, larger droplets, resulting in microscopic rough surface,
were formed due to the enough time to spread after direct spray
on the substrate. In addition, smaller change (∼4.8 eV to 4.4 eV) in
work-function of ITO than that of others (ITO with ZnO prepared
by spin-on based sol–gel process and spray pyrolysis at 250 and
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0.94% was obtained because of serious contact problem between
active layer and ZnO ETL and poor extraction of carriers resulting
from mis-matched energy levels. On the other hand, homoge-
neous smooth surface containing smaller and thinner droplets and
improved matching between cathode work-function (4.2 eV) and
LUMO of PCBM (4.2 eV) were observed by increasing substrate
temperature. PSC including ZnO fabricated at 350 1C exhibited best
efﬁciency of 3.22%, which has similar value with PSC with spin-
coated ZnO showing the efﬁciency of 3.26%. Improved surface
morphology of ZnO and an increase in crystallinity of ZnO ETL, as
well as excellent matching of cathode work-function with LUMO
of PCBM result in efﬁcient charge extraction and collection, and
thereby F.F. and JSC values were signiﬁcantly increased.Acknowledgment
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